؉ T-cell-orchestrated chronic inflammatory lesion that impairs vision. We demonstrate that Toll-like receptor (TLR) signaling forms a part of the recognition system that induces the syndrome that eventually culminates in immunopathology. Accordingly, in a comparison of the outcomes of infection in wild-type (WT) mice and those lacking TLR function, it was apparent that the absence of TLR2 and, to a lesser extent, TLR9 resulted in significantly diminished lesions. Similarly, mice lacking the adapter molecule MyD88 were resistant to lesion development, but such animals were also unable to control infection, with most succumbing to lethal encephalitis. The susceptibility of TLR4 ؊/؊ animals was also evaluated. These animals developed lesions, which were more severe, more rapidly than did WT animals. We discuss the possible mechanisms by which early recognition of HSV constituents impacts the subsequent development of immunopathological lesions.
Viruses induce several immediate host-reactive events that impact the long-term consequences of infection. For example, ocular infection of mice with herpes simplex virus (HSV) causes a multitude of cytokine, chemokine, and cellular changes to occur (9) . Manipulating the expression of many of these affects the severity of the subsequent vision impairing consequences, such as neovascularization and chronic inflammation (8, 14, 20, 22) . The latter reaction is immunopathological and is set off initially by infection but sustained well after replication has ceased and viral antigens are removed (9) . These stromal keratitis (SK) reactions occur in response to HSV in humans and represent the commonest cause of infectious blindness in developed countries (30) .
We know that viruses and their components can trigger multiple innate immune protective and inflammatory responses (35) . These include interferon induction, the production of multiple cytokines, and activation of complement as well as innate cellular defenses (31, 35) . Recognition mechanisms that initiate and control innate reactions to viruses remain poorly understood, but accumulating evidence indicates that membrane-bound cell surface or intracellular Toll-like receptors (TLRs) form part of the surveillance system (10) . After the initial observation with respiratory syncytial virus (25) , several viruses were shown to express ligand activities for one or more TLRs (10) . Infection could also result in the release and induction of host molecules, such as heat shock proteins, that may themselves activate TLRs and so contribute to the innate response (5, 12) . The observation that TLRs participate during HSV infection came from several lines of investigation. Initially, purified HSV DNA, such as synthetic CpG DNA, the ligand for TLR9 (23) , was shown to induce ocular neovascularization, an essential step in the pathogenesis of SK (42) . HSV DNA was later confirmed to possess TLR9 ligand activity (28) , and studies with knockout mice revealed a role for TLR9 in HSV-induced type I interferon production (23) . Other investigations demonstrated that HSV also possesses TLR2 activity (24) , with mice lacking TLR2 showing more resistance to lethal HSV encephalitis than wild-type (WT) animals (24) . This perhaps unexpected observation that brain inflammation and death were reduced in the absence of TLR2 (but virus levels were similar in WT and TLR2 Ϫ/Ϫ mice) indicated that encephalitis, the usual cause of death with HSV infection, was the consequence of the virus acting as a TLR2 ligand, driving an inflammatory reaction in the brain (24) . In addition to inflammatory processes, herpetic encephalitis, especially that in humans, may represent a direct destructive effect of the virus (19) , and even in mice, neurovirulence appears to be associated with the success of virus gaining access to and replicating in the central nervous system (CNS) (33) . Thus, both viral and host components may contribute to disease pathogenesis.
For the present report, we measured the influence of TLR2 and other potential TLR ligand effects of HSV in a corneal scarification disease model where lesion expression is widely agreed to represent a host immunopathological response (9) . In this model, animals lacking lymphocytes fail to develop SK lesions and, in fact, die of herpetic encephalitis, with an abundance of virus in the brain (32) . We examined the sequences of events that occurred following infection of different TLR knockout mice compared to those after infection of WT animals. Our results demonstrate that TLR2 Ϫ/Ϫ , MyD88 Ϫ/Ϫ , and to a lesser extent TLR9 Ϫ/Ϫ , but not TLR4 Ϫ/Ϫ , mice showed significantly reduced SK lesions upon HSV infection. Similarly, TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice also showed reduced neovascularization compared to other groups. The latter strains also showed marked reductions in early nonlymphoid inflammatory infiltrates as well as lower levels of proinflammatory cytokines than those in WT or TLR4 Ϫ/Ϫ animals. In addition, whereas both TLR2 Ϫ/Ϫ and TLR9 Ϫ/Ϫ animals resisted the lethal effects of HSV, most MyD88 Ϫ/Ϫ animals infected with the same dose succumbed to lethal disease. The TLR4 Ϫ/Ϫ animals developed lesions, which were more severe, more rapidly than did WT animals. We discuss the possible mechanisms by which early recognition of HSV constituents impacts the subsequent development of immunopathological lesions.
MATERIALS AND METHODS

Animals. TLR2
Ϫ/Ϫ , TLR4 Ϫ/Ϫ , TLR9 Ϫ/Ϫ , TLR2/4d Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice were the kind gift of S. Akira (Osaka University, Osaka) and were backbred for more than 10 generations onto the C57BL/6 background. Backbreeding was confirmed by examining a 110-marker panel that distinguishes between C57BL/6 and 129 mice (Charles River Laboratories). These microsatellite markers are spread across the 19 autosomes and the X chromosome at approximately 15-centimorgan intervals. C57BL/6 mice were obtained from Harlan Sprague-Dawley (Indianapolis, IN). All experimental procedures followed the guidelines of the Association for Research in Vision and Ophthalmology resolution on the use of animals in research.
Corneal HSV-1 infection and clinical observation. HSV type 1 (HSV-1) strain RE was used in all procedures. Details of corneal infections of mice under deep anesthesia were described in a previous publication (3) . Animals were infected with a range of virus doses, although in most of the reported experiments mice were infected with 5 ϫ 10 3 PFU/eye. The experiments were repeated multiple times, especially the comparison of TLR2 Ϫ/Ϫ animals with control animals. Lesion scores and the extent of angiogenesis were measured at various times postinfection (p.i.), as described in detail previously (4, 13) .
Histopathology. For histopathologic analysis, eyes from different groups of mice were extirpated at the indicated time points p.i. and snap-frozen in OCT compound (Miles, Elkart, IN). Six-micrometer-thick sections were cut and air dried in a desiccation box. Staining was performed with hematoxylin and eosin (Richard Allen Scientific, Kalamazoo, MI).
Flow cytometry. For flow cytometry measurement of the infiltrating cells, four corneas or two trigeminal ganglia (TG) were collected per time point. Corneas or TG were digested in liberase (Roche Diagnostics Co., Indianapolis, IN) for 45 min at 37°C. Single-cell suspensions were prepared as described elsewhere (15) . The Fc receptors were blocked with unconjugated anti-CD16/32 (BD Pharmingen, San Diego, CA) for 30 min. Samples were incubated with fluorescein isothiocyanate (FITC)-labeled anti-Gr-1, anti-CD11b, anti-CD11c (BD Pharmingen), anti-F4/80 (eBioscience), or anti-CD4 (BD Pharmingen) antibody for 30 min. For intracellular staining for cyclooxygenase-2 (COX-2), goat anti-COX-2 and donkey anti-goat immunoglobulin G (IgG) (Santa Cruz Biotechnology, Santa Cruz, CA) were used as primary and secondary antibodies, respectively. For detection of induced Hsp70, FITC-conjugated Hsp70 (Hsp72) antibody was obtained from Stressgen (Ann Arbor, MI). FITC-conjugated rat IgG was used as an isotype control for Hsp70. Intracellular staining for COX-2 and Hsp70 was performed using a fixation/permeabilization solution kit with BD GolgiPlug (BD Bioscience). All samples were collected on a FACScan flow cytometer (BD Biosciences, San Diego, CA), and data were analyzed by using Cell Quest 3.1 software (BD Biosciences).
Cytokine and chemokine ELISAs with corneal lysates. For preparation of corneal lysates, six corneas per indicated time point were pooled from each group of mice and were processed as described previously (3) . For draining lymph nodes (DLNs), cervical lymph nodes from each mouse were collected and processed. Levels of interleukin-6 (IL-6), IL-1␤, macrophage inflammatory protein 2 (MIP-2), vascular endothelial growth factor (VEGF), and IL-10 in corneal lysates and of IL-10, IL-6, and gamma interferon (IFN-␥) in DLN lysates were determined by a standard sandwich enzyme-linked immunosorbent assay (ELISA) protocol. Anti-IL-6, anti-IL-10, and anti-IFN-␥ capture and detection antibodies were purchased from BD Pharmingen. Anti-IL-1␤, anti-MIP-2, and anti-VEGF capture and biotinylated detection antibodies were purchased from R&D Systems (Minneapolis, MN). The color reaction was developed using ABTS [2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid); Sigma-Aldrich, St. Reverse transcription and real-time PCR. Total RNAs from naïve and infected C57BL/6 corneas and the DC2.4 cell line were isolated at different days p.i. by using an RNeasy MinElute cleanup kit (QIAGEN) and were reverse transcribed by using murine leukemia virus reverse transcriptase (Life Technologies, Bethesda, MD), with oligo(dT) as the primer (Invitrogen, San Diego, CA). All cDNAs were divided into aliquots and stored at Ϫ20°C until further use. All murine dendritic cells (DCs) express TLR2, -4, and -9, as does the DC2.4 cell line (a DC line; obtained from K. L. Rock). PCR was performed in a PTC-100 programmable thermal controller (MJ Research, Cambridge, MA), using Hot Start PCR master mix (Promega, Madison, WI). The primers used were murine GAPDH forward (CATCCTGCACCACCAACTGCTTAG) and reverse (GCC TGCTTCACCACCTTCTTGATG), murine TLR2 forward (AAGAGGAAGC CCAAGAAAGC) and reverse (CGATGGAATCGATGATGTTG), murine TLR4 forward (ACCTGGCTGGTTTACACGTC) and reverse (CTGCCAGA GACATTGCAGAA), and murine TLR9 forward (ACTGAGCACCCCTGCTT CTA) and reverse (AGATTAGTCAGCGGCAGGAA).
Real-time PCR was performed using an iQ5 real-time PCR detection system (Bio-Rad). PCR was performed using SYBR green PCR master mix (Applied Biosystems) according to the manufacturer's protocol. PCR amplification of a housekeeping gene, the murine hypoxanthine phosphoribosyltransferase gene, was done for each sample as a control for sample loading and to allow normalization between samples. The primers used were murine HPRT forward (GAC CGGTCCCGTCATGC) and reverse (TCATAACCTGGTTCATCATCGC), murine ␤-defensin 2 forward (TATGCTGCCTCCTTTTCTCA) and reverse (G ACTTCCATGTGCTTCCTTC), and murine ␤-defensin 3 forward (CTCCTGG TGCTGCTGTCTCCAC) and reverse (AACTCCACAACTGCCAATCTGA).
Virus recovery and titrations. Eye swabs were taken from infected corneas (four eyes/group), using sterile swabs, at the indicated time points. Similarly, brain tissue and TG were taken from the infected animals at the indicated time points (n ϭ 3). The tissues were disrupted by homogenization in 1-ml ground glass grinders (Wheaton) and centrifuged, and the supernatant was used to assay viral titers. Titration was performed by a standard plaque assay as described previously (3). Titers were calculated as log 10 PFU/ml per a standard protocol (37) .
Statistical analysis. Statistical significance was determined by Student's t test. P values of Ͻ0.05 were regarded as representing significant differences between the groups.
RESULTS
Expression of TLRs and TLR ligands in naïve and infected corneas.
Since HSV replication in the eye occurs almost exclusively in corneal epithelial cells (9) , corneal buttons taken from uninfected eyes were examined by reverse transcription-PCR for the presence of TLR2, -4, and -9 mRNAs. All could be demonstrated (Fig. 1A ). Whereas previous reports had shown that both TLR2-and TLR9-activating ligands are expressed by HSV (16), endogenous TLR ligands might also be induced and released from dead or dying cells following infection (5, 12) . As shown in Fig. 1B , the TLR4 ligand, inducible Hsp70 (5), could be demonstrated in corneal tissues in samples analyzed at 24 h post-HSV infection. Similarly, as shown in Fig.  1C , both ␤-defensin 2 and ␤-defensin 3 mRNA expression was increased in the infected compared to naïve corneas, and ␤-defensin 3 has been shown to trigger TLR4 (6) . Hence, TLR4 as well as previously demonstrated TLR2 and TLR9 ligand effects could be involved in the recognition events following ocular HSV infection.
Disease expression following HSV infection in control and knockout mice. To determine the role of TLRs in HSV pathogenesis in the eye, TLR knockout mice that were fully backbred onto the C57BL/6 background were ocularly infected with different doses of HSV-1 RE and evaluated over a 15-to 20-day period to quantify the extent of corneal neovasculariza- PFU/eye and above, all groups developed lesions and neovascularization responses that were similar in magnitude. However, significantly different responses in the various groups became evident at infection doses of 2 ϫ 10 4 PFU/eye and below. Figure 2 shows the results of one of two experiments in which the animals were infected with 5 ϫ 10 3 PFU virus. As evident at both days 8 and 15 p.i., both the TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ animals showed significantly diminished lesions as well as neovascularization compared to WT animals. For instance, whereas almost 90% of control WT animals developed SK lesions with severity scores of 3 or greater and neovascularization scores of 8 or greater, for TLR2 Ϫ/Ϫ and MyD88
animals only around 30% of animals had such severity scores. Moreover, at the peak response time (day 15 p.i.), the mean severity scores for TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice were 1.5 Ϯ 0.37 and 1.8 Ϯ 0.4, respectively, which were significantly (P Յ 0.005) lower than that observed for WT mice (3.8 Ϯ 0.26). On average, the mean severity of SK in TLR2 Ϫ/Ϫ mice was reduced 60% compared to that of controls at day 8 p.i. and was further reduced 65% by day 15 p.i. These experiments indicate that animals unable to respond to the TLR2 ligand activity of HSV showed a resistance phenotype. However, curiously, both TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ animals often showed quite severe herpetic periocular disease, a lesion seldom seen in the WT animals at the low dose of virus used.
Animals lacking TLR9 also showed more resistance to HSVinduced SK and neovascularization than did WT animals, although the differences were modest and were significant only for the 15-day scores (2.7 Ϯ 0.38 compared to 3.8 Ϯ 0.26; At the indicated time points, four corneas from infected mice were collected and total mRNAs were extracted. Real-time PCR was performed to compare the expression of mouse ␤-defensin 2 (mBD2) and mouse ␤-defensin 3 (mBD-3) mRNAs in the infected corneas at different times p.i. as described in Materials and Methods. The bar diagram demonstrates the relative increases (n-fold) in the expression of mouse ␤-defensin 2 and mouse ␤-defensin 3 compared to those in naïve corneas. P ϭ 0.03) (Fig. 2) . Most of the TLR9 Ϫ/Ϫ animals also developed herpetic periocular disease, but the lesions were less intense than those noted in TLR2
Ϫ/Ϫ and MyD88 Ϫ/Ϫ animals. The pattern of response for TLR4 Ϫ/Ϫ animals revealed a modestly more susceptible phenotype. Thus, by day 8 p.i., 30% of TLR4 Ϫ/Ϫ animals showed level 3 lesions (mean, 2.3 Ϯ 0.13), whereas almost all WT animals lacked lesions at this time (mean, 1.2 Ϯ 0.15; P ϭ 0.004). The neovascularization score reflected a similar heightened susceptibility of TLR4 Ϫ/Ϫ animals (mean, 7 Ϯ 0.5) compared to WT animals (mean, 4.5 Ϯ 0.4; P ϭ 0.009) (Fig. 2) . Curiously, animals lacking both TLR2 and -4 responsiveness showed a resistance phenotype, although this was lower in magnitude than that of TLR2 or MyD88 knockout animals.
MyD88 is an essential downstream adapter of TLR signaling, particularly for TLR2 and TLR9 responses (36) . TLR4 also signals via MyD88 but can activate an alternate pathway of MyD88-independent gene expression (18) . Interestingly, although the MyD88 Ϫ/Ϫ animals showed a resistance phenotype for disease expression similar to that of the TLR2 Ϫ/Ϫ mice, the MyD88 Ϫ/Ϫ animals were far more susceptible to the lethal effects of HSV infection. As shown in Table 1 , even at the 5 ϫ 10 3 -PFU dose, up to 70% of the infected MyD88 Ϫ/Ϫ animals were dying by day 15 p.i., although almost 60% of them showed no signs of clinical disease. The animals were presumed to be dying from viral encephalitis, and replicating virus could be demonstrated in the homogenates of brain tissues harvested from moribund MyD88 Ϫ/Ϫ animals ( Table 2) . Thus, eliminating signaling through multiple TLRs by knocking out MyD88 reduces local inflammation but may allow enhanced viral replication and/or spread, while eliminating single TLRs, i.e., TLR2 or TLR9, ameliorates local immunopathology, but these Table 1 , for infections at both 2 ϫ 10 4 PFU/eye and 5 ϫ 10 3 PFU/eye, neither TLR2 Ϫ/Ϫ nor TLR9 Ϫ/Ϫ animals were more susceptible to lethal infection than were WT animals. In addition to titers in brains and TG, virus titers were also measured in eye swabs collected from infected corneas. As shown in Table 3 , in contrast to the case for the CNS, virus titers did not increase in the absence of TLRs or MyD88 in the corneas, and all of the groups could clear the virus efficiently by day 7 p.i. Our data confirm the previous finding by others that MyD88-independent antiviral mechanisms can effectively compensate for the absence of MyD88 in a localized HSV-1 infection (23) .
Cellular differences between control and knockout animals. Soon after HSV infection of the corneal epithelium, cytokine expression and cellular changes occur (9) . One prominent event is infiltration in the underlying stroma by mainly neutrophils (38) . The stimuli that induce such responses remain to be identified, but they appear to include chemokines such as MIP-2 and macrophage chemoattractant protein 1, induced directly or indirectly by HSV infection in the corneal epithelium (9, 21) . Additionally, angiogenic molecules such as VEGF and IL-6 are induced, both of which play a role at causing neovascularization of the cornea (3, 41) . To compare the initial inflammatory responses in knockout versus WT control mice, tissue sections were examined. As evident in Fig. 3 , diminished cell infiltrates at 48 h compared to those for WT controls were apparent in TLR2 Ϫ/Ϫ , MyD88 Ϫ/Ϫ , and TLR9 Ϫ/Ϫ sections. In the WT sections, the inflammatory infiltrates had fully accessed the central cornea, but in both TLR2
Ϫ/Ϫ and TLR9
Ϫ/Ϫ animals, the infiltrates were largely confined to the limbal region. Of these two TLR knockouts, the infiltration of cells in TLR2 Ϫ/Ϫ animals was far less than that in TLR9 Ϫ/Ϫ animals. Of interest, the inflammatory events in TLR4 Ϫ/Ϫ animals appeared to be slightly elevated compared to those in WT animals. This more severe reaction was also more evident by flow cytometric analysis of Gr1 ϩ and CD11b ϩ cells in the infected corneas (Fig. 3) .
It has been documented by past studies that after ocular infection with HSV, replicating virus could be detected in the TG for 2 to 7 days p.i. (27) . The presence of virus in the TG induces a chronic inflammatory reaction involving multiple cell types that is responsible for controlling the virus load as well as restricting further spread of the virus (27) . Therefore, we examined the cells from the TG of different groups at 48 h and 96 h p.i. by flow cytometry. Diminished inflammatory lesions were observed in the infected TG of the TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ animals than in those of WT animals. As shown in Fig. 4 5 PFU of HSV-1 RE. Virus titers were estimated by standard plaque assay from swabs taken from infected corneas of mice (n ϭ 4) at different time points. Virus was not detected, i.e., was below the sensitivity of the assay (Ͻ10 PFU/ml), for all corneas taken at day 7 p.i.
FIG. 3. Compromised inflammatory cell influx into the corneas of TLR2
Ϫ/Ϫ , TLR9 Ϫ/Ϫ , TLR2/4d Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice compared to TLR4 Ϫ/Ϫ and WT mice at 48 h p.i. Mice were infected with 5 ϫ 10 3 PFU HSV-1 RE. Mice were terminated at 48 h p.i., and eyes were processed for cryo-sections. Hematoxylin and eosin staining was carried out on 6-m sections. Dot plots associated with the sections represent the Gr1 Cytokine and other proinflammatory protein differences between control and knockout animals. A likely explanation for the reduced influx of inflammatory cells and eventual resistance to disease expression in TLR2 Ϫ/Ϫ (and MyD88 Ϫ/Ϫ ) mice could be a reduced proinflammatory cytokine/chemokine response to infection. Lysates of corneas collected at 48 h and 96 h p.i. were used to measure the levels of candidate molecules shown in previous studies to correlate with the outcome of ocular HSV infection (9) . These were IL-6, MIP-2, IL-1␤, and VEGF as well as the enzyme COX-2. As shown in Fig. 5 , compared to the WT, three-to fourfold reductions in the levels of these proinflammatory mediators were evident in the lysates of TLR2
Ϫ/Ϫ and MyD88 Ϫ/Ϫ corneas at 48 h and 96 h p.i. IL-6 and IL-1␤, produced from virus-infected cells, were shown to stimulate noninfected resident corneal cells and other inflammatory cells in a paracrine manner to secrete VEGF, a potent angiogenic factor (9) . Interestingly, marked reductions in the levels of IL-1␤, IL-6, and VEGF were noticed in the TLR2 Ϫ/Ϫ and MyD88
Ϫ/Ϫ mice. The TLR9 Ϫ/Ϫ animals had a moderate decrease in inflammatory mediators, but this was evident only at the 48-h time point. In contrast, TLR4 Ϫ/Ϫ animals had slightly increased levels (elevated 20 to 30%) of inflammatory mediators compared to the WT controls at all time points examined.
In two separate experiments, the level of IL-10 induction in TLR4 Ϫ/Ϫ mice was compared to that in WT animals for both corneal extracts and the cervical DLNs on day 2 and day 5 after infection. As evident in Fig. 6A , levels of IL-10 in the corneas of TLR4 Ϫ/Ϫ mice were lower than those observed for WT animals at both time points, perhaps accounting for the more severe reactions seen in TLR4 Ϫ/Ϫ animals. Although significant differences in the levels of IL-10 in DLNs were not observed at these time points (Fig. 6B) , the levels of the proinflammatory Th1 cytokines IL-6 and IFN-␥ were significantly higher (P Յ 0.05) in TLR4 Ϫ/Ϫ animals than in WT animals ( Fig. 6C and D) . Interestingly, no difference was observed in the IL-10 levels in the DLNs of TLR2 Ϫ/Ϫ animals, although the levels of IL-6 and IFN-␥ were lower in TLR2 Ϫ/Ϫ animals than in WT animals (data not shown).
Previous studies showed that HSV infection of the cornea upregulates the expression of COX-2, a critical enzyme for the induction of potential inflammatory mediators such as prostaglandins (2, 11) . Moreover, the administration of a selective COX-2 inhibitor diminished virus-induced SK lesions and neovascularization (7) . Recent in vitro findings demonstrated that TLR2 signaling could induce COX-2 in peritoneal macrophages in vitro (17, 34, 40) . Therefore, we examined the role of TLR2 in HSV-induced COX-2. Intracellular staining revealed a Ͼ50% reduction in the percentage of COX-2-expressing cells in HSV-infected TLR2 Ϫ/Ϫ mouse corneas compared to those for the WT and TLR4 Ϫ/Ϫ mice (Fig. 7A ). In addition, reduced numbers of COX-2 ϩ Gr1 ϩ cells were evident in the TLR2 Ϫ/Ϫ corneas compared to those in WT corneas (Fig. 7B) . Interestingly, although there was no difference in the percentage of COX-2-expressing cells in TLR4 Ϫ/Ϫ animals compared to that in WT animals, such animals showed a higher proportion of COX-2 ϩ Gr1 ϩ cells than did WT animals ( Fig. 7A and B) . These results may mean that less induction of prostaglandins as well as chemokines could be a possible explanation for the resistant and susceptible phenotypes of TLR2 Ϫ/Ϫ and TLR4 Ϫ/Ϫ mice, respectively.
DISCUSSION
Ocular infection with HSV sets off an array of events that succeed in clearing virus from the cornea but leave the tissue with a CD4 ϩ T-cell-orchestrated chronic inflammatory lesion that impairs vision. We demonstrate that TLR signaling forms a part of the recognition system that sets off a syndrome that eventually culminates in immunopathology. Accordingly, in a comparison of the outcomes of infection in WT mice and those lacking TLR function, it was apparent that the absence of TLR2, and to a lesser extent TLR9, resulted in significantly diminished lesions. Similarly, mice lacking the adapter molecule MyD88 were resistant to lesion development, but such animals were also unable to control infection, and most succumbed to lethal encephalitis. Animals lacking TLR4 developed lesions more rapidly, and these became more severe than those in WT animals. It could be that modulating TLRs in an appropriate way could represent an approach to control the severity of SK, an important cause of vision impairment.
Past studies demonstrated that HSV expresses at least two TLR ligand activities (24) . These were TLR2 ligand activity, perhaps a property of one of the envelope major glycoproteins (16) , and the TLR9 ligand activity of its DNA (28) . In this report, we also show that HSV infection can cause cells to endogenously express at least two molecules that act as TLR ligands. These are BD3, a TLR4 ligand (6) , and inducible Hsp70, a ligand for TLR4 and perhaps also for TLR2 (5) . Our investigations were designed to determine if the absence of TLR2, -4, and -9 impacted the outcome of the immunopathological reaction in the eye that results from HSV infection.
The most dramatic effects were observed when TLR2
Ϫ/Ϫ mice were infected with a low dose of a virulent strain of HSV. Compared to WT animals, TLR2 Ϫ/Ϫ mice showed considerable resistance to disease expression. Fewer eyes showed clinical lesions, and those that did had reduced levels of neovascularization and stromal inflammatory reactions at both the early and peak times of the response. Reduced inflammatory reactions were also evident in the TG, a site where virus locates soon after ocular infection and persists when acute infection resolves (9) . Curiously, however, TLR2 Ϫ/Ϫ animals usually expressed notable periocular disease, even when the eye itself exhibited minimal or no lesions. We interpret these data to mean that the TLR2 ligand activity of HSV may be a major mechanism by which the virus, usually confined to the epithelium of the infected cornea (9), induces early events necessary for the development of the inflammatory disease. As shown in previous studies, these include the induction of cytokines such as IL-6, IL-1␤, and TNF-␣ (9), the chemokines MIP-1␣ and MIP-2 (9), enzymes such as COX-2, associated with the production of inflammatory molecules (9) , and molecules responsible for neovascularization of the usually avascular eye, such as VEGF and MMP9 (9) . In line with this, when levels of some of these molecules were measured early after infection, all were reduced in TLR2 Ϫ/Ϫ compared to WT eyes. Evidence that cells from TLR2-negative cells make reduced inflammatory cytokine responses to HSV was previously reported by others (1, 24) . Moreover, such reduced inflammatory reactions to HSV in the brain were advocated to explain why TLR2
Ϫ/Ϫ mice were less susceptible to HSV encephalitis than were WT controls (24) . Similarly, for SK, the resistance phenotype of TLR2 Ϫ/Ϫ animals is likely explained by the reduced induction of key inflammatory mediators.
The observation that periocular disease was more severe in TLR2 Ϫ/Ϫ mice was less easy to explain, especially since viral clearance kinetics in the eye itself between TLR2 Ϫ/Ϫ and WT animals showed no significant differences. Similarly, KurtJones et al. observed no major differences in viral clearance in the brain between control and resistant TLR2 Ϫ/Ϫ animals (24). Since the periocular lesions appeared to be caused by the virus itself, rather than being an immunopathological reaction, conceivably the diminished stimulation of local antiviral molecules, such as interferons and perhaps others involved in the acute inflammatory response, may explain the outcome for TLR2 Ϫ/Ϫ mice. We are further evaluating this issue. Since HSV DNA is well known to act as a TLR9 ligand (23, 28) , we anticipated that TLR9 Ϫ/Ϫ mice would also react dif- 
FIG. 7. Reduced expression of COX-2 in TLR2
Ϫ/Ϫ animals compared to that in WT animals. Single-cell suspensions of corneal cells were prepared from two corneas (n ϭ 8) at day 3 and day 6 p.i. Intracellular COX-2 staining was carried out as described in Materials and Methods. In panels A and B, bar diagrams demonstrate the total number of COX-2 ϩ cells and the total number of COX-2 ϩ Gr1 ϩ cells/1 ϫ 10 5 corneal cells, respectively. ‫,ء‬ P Յ 0.05 (statistically significant differences compared to WT animals).
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ferently to the ocular infection than did WT animals. Such TLR9 Ϫ/Ϫ mice were in fact more refractory to lesion expression than were WT animals, but this was only a modest difference. This may be explained by the possibility that the TLR9 ligand activity is inadequately produced under in vivo infection conditions to drive the neovascular and inflammatory responses or that any effect of TLR9 is largely overridden by the proinflammatory effect of the TLR2 ligand activity of the virus. We hope to obtain double-knockout mice to help resolve these issues. Alternatively, there could be a reduced Th1 immune response in the absence of TLR9, which could help to reduce the lesion severity. We are currently investigating the generation of HSV-specific immune responses in the absence of specific TLRs.
Previous studies of herpetic encephalitis had not revealed a response pattern for TLR4 Ϫ/Ϫ animals. However, following ocular infection, such animals were significantly, although not dramatically, more susceptible to both neovascularization and SK lesion development. Lesions also occurred earlier than those in WT animals, and a higher percentage of infected eyes developed lesions. Periocular disease, however, was unusual, as it is in WT animals. Although we currently lack a definitive mechanistic explanation for these observations, several ideas are being pursued. These include the possibilities that the TLR4 ligand activities might serve to induce either the production of anti-inflammatory cytokines (26) or the induction of some type of regulatory T-cell response (39) and that the enhanced reactions occurred because of a heightened anti-HSV immune response in TLR4 Ϫ/Ϫ animals. Currently, we have preliminary support for at least two of these ideas. First, IL-10 levels in corneal extracts of TLR4 Ϫ/Ϫ mice were lower than those present in WT control extracts (Fig. 6) . Additionally, the magnitudes of T-cell responses in TLR4 Ϫ/Ϫ animals were marginally elevated over those in WT animals (data not shown). We have yet to evaluate any differential induction of regulatory T-cell responses between TLR4 Ϫ/Ϫ and control animals, but such studies are under way.
Our studies also included minimal investigations on the outcome of infection in animals lacking both TLR2 and TLR4. Such animals also showed the resistance phenotype, but the magnitude was less than that observed for TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ animals. This could mean that the TLR2 ligand effect of HSV is the dominant activity but that this is partially blunted by the apparent anti-inflammatory effect of TLR4 ligand stimulation. Perhaps the use of TLR4 ligands has some place in the future therapy of SK.
Finally, our studies evaluated HSV-induced ocular responses in MyD88 Ϫ/Ϫ mice. Such animals showed approximately the same phenotype as did the TLR2 Ϫ/Ϫ mice, which may mean that TLR2 ligand-mediated effects are the most significant proinflammatory agonists in HSV infections.
MyD88
Ϫ/Ϫ mice, however, showed one major response difference compared to TLR2 Ϫ/Ϫ and other TLR Ϫ/Ϫ animals. This was their marked susceptibility to herpetic encephalitis, with animals usually dying by 15 days p.i. Others have also observed that HSV may prove lethal to MyD88 Ϫ/Ϫ animals infected intranasally (29) . The explanation for this heightened susceptibility to encephalitis remains unclear. Accordingly, although virus was cleared normally from the eye and TG in MyD88 Ϫ/Ϫ mice, this was not true for the brain, where virus persisted and was still present in dying animals. We anticipate that the susceptibility of MyD88 Ϫ/Ϫ animals might be explained by a deficiency in some critical innate and/or adaptive immune response that functions in the CNS. In some other infection systems, MyD88
Ϫ/Ϫ animals also show a reduced ability to generate an effective adaptive immune response (43) . In our preliminary studies, we noted that antigen-presenting-cell function in MyD88 Ϫ/Ϫ mice is impaired, which might have an effect on the generation of an effective immune response.
In conclusion, our results indicate that the TLR ligand activity of HSV, primarily that of TLR2, plays a role in the induction of an immunopathological response in the cornea and TG. Other TLR ligands, such as TLR4, may serve to counteract the severity of the inflammatory response. It is conceivable that manipulation of the TLR ligand response could provide a means to modulate SK lesions.
